The present work explores the possibility of introducing aerogel at different stages of the epoxy resin cure to identify the most effective method that ensures minimal destruction of the aerogel particles. The aerogel particles are added at 0.5 h, 1 h and 1.5 h after the resin and the hardener are mixed together. Additionally, the effect of a wetting agent that improves the interface between the aerogel and the resin is also investigated. The different materials are characterised using optical images and ESEM-EDX to determine the most effective processing route. Additional data are also provided by determining the different material's optical transmittance and reflective characteristics. From the experimental results, it is observed that the addition of aerogel at the 1-h mark proves to be the most efficient route to follow. In addition, the wetting agent displays a negligible effect on the samples in the study; hence, its usage is advocated due to its influence on the interface strength. Therefore, the aerogel/epoxy/wetting agent sample with the aerogel added at the 1 h mark looks promising. A 13.3% decrease in thermal conductivity when compared with the pure resin/hardener sample along with the damage coefficient value of 0.183 demonstrates the material's potential for thermal insulation applications.
Introduction
Silica aerogels (hereby referred to as aerogels) are highly crosslinked and porous materials that consist of nanoporous matrices with amorphous silica particles that are interconnected. 1, 2 These are prepared by replacing the liquid in a jelly by a gas with little/no shrinkage through a series of steps and allowing the latter to escape. 3 This results in a material with, amongst others, low thermal conductivity (0.012 W/(m Â K)), density (0.003-0.35 g/cm 3 ), dielectric constant (1.1-2.2), thermal expansion coefficient (2-4 Â 10 À6 ) and refractive index (1-1.08) along with a high specific surface area (500-1200 m 2 /g) and porosity (>90%). [4] [5] [6] [7] These properties of the aerogel have led to its use in various industrial applications such as thermal insulation for transport vehicles, pipes, cryogenics, portable coolers, space vehicles, casting moulds and building applications. [8] [9] [10] However, widespread use of silica aerogels has been limited because of their fragility, demand for supercritical drying and hydrophilicity. 11, 12 Therefore, to overcome the fragility, combination of the aerogel with a polymer thereby taking advantage of the mechanical strength of the latter with the thermal stability of the aerogel is suggested. 11, 12 One such method is proposed by Schmidt and Schwertfeger, 13 wherein the use of polymers as a binding material (matrix) is considered. This study investigates the application of a wet and a dry binding system in which the liquid system (aqueous vinyl acetate/ethene) using dispersion showed a better coefficient of thermal resistance over a dry thermoplastic (PVB) system. Kim and Hyun 6 compared the thermal conductivity of aerogel mixed differently with a similar material -PVB powders (dry mixing) and PVB-toluene solution (wet mixing) and showed the former had a lower value of thermal conductivity compared to the later. However, the authors also noted that dry mixing results in a less homogenous mixture and could not retain the original composite shape for aerogel volume percentages over 70. Therefore, a liquid epoxy resin system is chosen as the binding material in the current study because of the material's widespread usage in composite materials, adhesives and moulding compounds. [14] [15] [16] Basri et al. 17 obtained good water absorption test results for silica aerogel/epoxy nanocomposites by reducing the stirring speed and increasing the stirring time when mixing the aerogel with the pure resin and, by increasing the stirring speed and shortening the time when mixing the previous mixture with a hardener. According to Zhao et al. 18 aerogel/epoxy composites have thermal conductivities as low as 0.105-0.175 W/(m Â K) and the relationship between the property and the weight fraction of the aerogel is not linear. Additionally, their study also showed that bigger aerogel particles (0.2-2 mm) provided better thermal properties than smaller particles (<0.2 mm). In another work, Gupta and Ricci 19 demonstrated better mixing of the aerogel particles by reducing the viscosity of the resin using higher temperatures. Nevertheless, the authors of both research 18, 19 comment on the possible infiltration of the resin into the pores of the aerogel. This effect was further noted in the work by Vahtrus et al., 20 wherein the authors observed an increase in the thermal conductivity of aerogel/ epoxy composites due to the filling of the resin into the pores of the aerogel. Kim et al., 21 however, demonstrated lower thermal conductivity values for samples manufactured using ethanol evaporation to preserve the pores; these samples showed better thermal performance when compared to as-received and plasmatreated aerogels across different volume fractions.
The present study, however, looks to limit the resin infiltration by increasing the viscosity of the curing resin before the aerogel addition. This is done to simplify the production process without the need for auxiliary solvents like ethanol which are highly flammable and potentially explosive. 22, 23 To negate the loss in the wetting due to a more viscous resin (as discussed in Gupta and Ricci 19 ), the effect of a wetting agent is also investigated. The aerogel particles are stirred into the resin system at different time intervals after the addition of the hardener and the morphology of the sample is determined. The samples are characterised using optical images and energy dispersive spectra (EDX) data from an environmental scanning electron microscope (ESEM). The optical spectral property is determined using a spectrophotometer which measures the transmittance and reflectance characteristics of the materials. Finally, the thermal conductivity of the material processed through the most promising route is evaluated and a damage coefficient value is calculated to enable quantification of the aerogel destruction within the same.
Methodology Materials
To process the materials in the present study, RS-M135 (PRF composites, UK) epoxy resin along with a custom hardener blend of RS-MH137 and RS-MH134 (both supplied by PRF composites) in a 2:1 weight ratio were chosen for the preparation of the matrix (binder). The resin to hardener weight ratio used was 10:3. The samples for morphological and spectrophotometry analysis were made by mixing the resin and the hardener using the given ratios and then degassing the mixture using vacuum at room temperature for 10 min. The contents were then removed and stored in closed containers. When the sample was ready for analysis, 0.03 mass fraction of Enova Aerogel IC3110 (supplied by Cabot Corporation, USA) was added into the resin and manually stirred before being placed inside the apparatus. The times of addition, and hence the analysis were 0.5, 1 and 1.5 h after the hardener was mixed in. Hence, each batch was further divided into three samples depending on the time of aerogel addition -0.5, 1, 1.5 (reflecting the time of addition).
Batch A was used as a control and was made using only the resin and the hardener. Batch B was a composite of the resin, hardener and the aerogel particles. Batch C was similar to batch B with the exception of a wetting agent (BYK-P 9920, BYK-Chemie, Germany) which was added into the resin before the hardener. As recommended by the supplier, 3% (of the total weight of the solution) of the wetting agent was added and stirred in. Therefore, the present study had a total of nine samples; three in batch A (0.5A, 1A and 1.5A), three in batch B (0.5B, 1B and 1.5B) and three in batch C (0.5C, 1C and 1.5C).
For spectrophotometry and morphological analysis, a solution containing 10 g of deionised water and 0.05 g of methylene blue powder (C.I. 52015) supplied by Merck (Germany) was mixed and two to three drops of the solution was added into each of the spectrophotometry (and microscope) samples during its processing to colour it. Once the materials were prepared, they were then manually spread onto a glass slide prior to the analysis. After the spectrophotometry test runs, the samples in the glass slide were left to fully cure (minimum of five days) at room temperature before being observed under the microscopes.
For the samples used for thermal conductivity testing, the resin was left inside the vacuum oven for the whole duration, i.e. 1 h, before the addition of aerogel. After which, they were transferred to a glass mould and allowed to cure. The pure resin sample was cured at 60 C for 24 h and the composite sample 1C was cured at room temperature for 48 h. Once cured, sample sizes of 30 Â 30 Â 4 mm were cut from all the batches and tested. The aerogel-epoxy sample was cured at room temperature because a higher cure temperature would decrease the viscosity of the resin, and hence increase its rate of infiltration into the aerogel.
Surface morphology
Batches B and C which contain the aerogel were studied under a Nikon Optiphot image acquisition system equipped with a Leica Application suit. All the samples were imaged under a 5Â magnification. The samples were left to cure at room temperature after spectrophotometer analysis before viewing them under the microscope.
The same samples were also studied using a Phillips XL30ESEM ESEM equipped with an EDX for compositional analysis.
Optical spectrophotometry
The optical transmission performance of the test samples was characterised using an UV-visible-NIR spectrophotometer, Jasco V-670 at normal incidence, wherein the surrounding air medium in the sample chamber was used as reference for spectral calibration. The three batches of samples were measured in the wavelength range of 300 nm to 1500 nm at a scan speed of 400 nm/min. Each batch had three different test samples into which the aerogel was added at 0.5 h, 1 h and 1.5 h (for batches B and C), respectively. With respect to batch A (pure resin), the samples were measured without any mixing of the aerogel and the wetting agent after required time period -this batch was used as a control. It should be noted that the curing of the resin on the glass slide was carried out during the measurement period itself. As shown in Figure 1 , the glass substrate was placed vertically in the sample chamber of the spectrophotometer. Six consecutive scans at 5-min intervals for each test sample were undertaken to evaluate the transmittance characteristics of the curing sample. The film thickness and uniformity would not remain same for the six runs during the process due to the resin flow and the sample's change of phase from liquid to solid which may introduce an uncertainty in comparing the transmittance spectra (e.g. change in intensity) of various test samples. However, the measurement error is expected to be minimum since the film is quite thick (few mm) in nature.
In addition, total reflectance of the spectra in the range of 200-1500 nm, e.g. both diffuse and specular, was measured using an integrating sphere of 60 mm diameter and fluro-polymer-based spectralon as a calibration standard. This gives the nature of light scattering due to the presence of aerogel and/or other particulates in the samples. It is also believed that the reflectance spectra would allow the possibility of detecting the nano-pores that could have been retained during the processing of batches B and C.
Thermal conductivity
The thermal conductivity of the samples was measured using the TCi Thermal conductivity analyser (C-Therm, Canada). As the samples were stiff, distilled water was used as a contact agent, wherein three drops were added onto the sensor before the samples were placed in position. For each sample, 10 measurements were undertaken and the average value is used to determine the thermal conductivity of the sample.
Experimental results

Optical microscope
Batch B. The optical image of batch 0.5B (in Figure 2) shows particles that are around 500 mm in size and almost spherical in nature. These are believed to be the aerogel particles in the resin since the aerogel powder used in the present study is between 100 and 700 mm in size. 24 However, owing to the resin surrounding the particles, the ability to see within the structure and to predict the amount of infiltration is not possible with the current method. But, the results do show the distribution of coalesced silica/aerogel particles which could potentially signify the presence of aerogel with limited infiltration. Additionally, Figure 2 (c) shows smaller circular features which are thought to be the air pores formed during the processing of the composite material.
When comparing the results of the different batches, it was observed that similar aerogel-like structures were also found in batches 1B and 1.5B as shown in Figures 3 and 4 , respectively, indicating the possible existence of aerogel particles in all the samples. However, when considering sample 1.5B, the existence of pronounced darker and lighter areas was seen ( Figure 4 (c)) which could be due to the lower flow rate of the resin which is more cured at this stage. High viscosity is expected to adversely affect the final composite material because of loss in mouldability and the application of more force needed to mix that could destroy the fragile aerogel. This destruction is potentially seen in Figure 4 (b) where the aerogel structures do not have smooth and clear boundaries. Although sample 1B also shows similar breakage of the aerogel, the boundaries are better defined compared to sample 1.5B as seen in Figure 3 (a) and (c).
Therefore, while sample 0.5B showed a much better retention of the overall structure of the aerogel, the lower viscosity of the resin during the aerogel addition could potentially result in a higher infiltration of the former into the latter. On the other hand, sample 1.5B showed much higher viscosity which would result in a greater difficulty while moulding complex shapes and could break the aerogel during the mixing process. Hence, the addition of the aerogel at around the 1-h mark is recommended, wherein sample 1B shows limited breakage as compared to sample 1.5B and the higher viscosity would result in a lower infiltration of the resin compared to sample 0.5B. Batch C. Microscopic images obtained for batch C are shown in Figures 5 to 7 for 0.5C, 1C and 1.5C, respectively. Similar to batch B, sample 0.5C shows a more holistic aerogel structure compared to sample 1.5C whose destruction can be seen especially in Figure 7 (b). But the lower viscosity of the resin in the 0.5C sample would result in a higher rate of infiltration. Therefore, it is once again suggested that the aerogelepoxy composites must balance the ability to mould complex shapes, and potentially the mechanical destruction of the aerogel with the infiltration of the resin. Hence, the addition of the former must be in-between the two extremes at around the 1-h mark since the images for sample 1C ( Figure 6 ) do not show similar levels of destruction as compared to sample 1.5C and Figure 8(a) shows the linescan across an aerogel particle in sample 0.5B. The EDX analysis indicates the presence of silica in the particle thereby confirming the existence of aerogel. The graph pertaining to carbon (C) shows its presence in the particle as well suggesting the infiltration of resin into the aerogel. Figure 9 also shows that the aerogel particles (spectrums 7 and 8) have a higher weight percentage of Si compared to the matrix (spectrum 9). However, all the three spectrums show high levels of C providing further evidence for resin infiltration into the aerogel particles. Figure 9 also shows regions of high Si content (spectrums 6 and 10) which are lighter in colour compared to the surrounding areas. These areas are believed to be regions of low resin content as reflected by the weigh percentage of C. The spectrums here could be that of the glass slide since these regions also show a higher presence of sodium (Na), magnesium (Mg), potassium (K) and calcium (Ca). One explanation for this could be due to the sample being held vertically for the spectrophotometer data, wherein the downward movement of the resin could have left certain areas with lower amounts of the material, and hence the EDX would have detected the composition of the glass substrate instead. A similar area is also shown on the right side of Figure 8 (a) ($1600 mm) with higher Si content.
Figure 8(b) shows the linescan of an aerogel particle in sample 1B. The distribution of silicon (Si) is similar to the scan of sample 0.5B (Figure 8(a) ). While analysing the distribution of carbon (C), it was observed that there is a decrease in its content (circled in the image) through the particle for sample 1B; however, this 'well-type' distribution is not clearly visible in sample 0.5B thereby suggesting a lower level of resin infusion for sample 1B. Additionally, a spectrum map of sample 1B is also shown in Figure 10 which depicts increased levels of Si accompanied by lower levels of C for the aerogel particles.
The linescan for sample 1.5B is presented in Figure 8 (c), wherein coalesced particles are observed. As seen from the image, these particles contain Si thereby providing evidence to the claim that these are broken aerogel/silica particles. These are thought to be due to the mechanical destruction of the aerogel during mixing (as discussed in the previous section) because of the particles' smaller size when compared to an undamaged aerogel particle. Batch C. Figure 11(a) shows the EDX linescan of an aerogel particle in sample 0.5C, wherein silicon (representing silica) is detected. However, similar to the sample 0.5B, the scan representing carbon shows small variances across the scanned area, suggesting an infiltration of the resin into the aerogel. This is further proven through Figure 12 in which spectrums 1, 4 and 5 within the particle not only show the presence Si, but the percentage of C does not decrease when compared to the matrix (spectrums 2 and 3).
When considering the EDX results of sample 1B (Figure 11(b) ) it is observed that the linescan across an aerogel particle shows a decrease in carbon (C) along with an increase in silicon (Si). Once again, a well-like distribution of carbon (circled in the figure) is observed across the aerogel particle. This suggests the presence of silica aerogel particles with decreased resin infiltration as compared to sample 0.5C. To further illustrate, an EDX spectrum map of sample 1C is presented in Figure 13 . It is seen that, similar to Figure  10 for sample 1B, the position of the aerogel particles is represented by lower carbon and higher silicon content compared to the neighbouring matrix.
Finally, the results of sample 1.5C also show a decrease in the level of carbon (C) within the aerogel particle (Figure 11(c) ) similar to sample 1C with a welllike distribution. However, as illustrated in Figure 14 , the particles in the sample show signs of mechanical destruction, i.e. the aerogel has not been able to retain its spherical structure perhaps due to the increased viscosity of the resin.
Optical transmittance and scattering characteristics
The transmittance characteristics of the three batches are discussed in the current section. As described previously, each of the three batches is further divided into three samples depending on the time of aerogel addition, i.e. 0.5 h, 1 h and 1.5 h. Additionally, each Figure 9 . EDX analysis of sample 0.5B (the elemental composition in the spectra is given in terms of weight percent). sample was subjected to six measurement runs in the spectrophotometer at 5-min intervals with run 1 starting at 0 min and run 6 starting at 25 min after the sample was placed inside the apparatus. The results for the aerogel-epoxy samples (batches B and C) at the 1 and the 1.5-h mark are shown in Figures 15 and  16 , respectively. It was observed that the transmittance value for sample 1A increased from 79.6% to 85.8% at 665 nm from run 1 to run 6. However, the transmittance for the aerogel-epoxy composites had decreased for the samples 1B and 1C showing a change in value from 25.9% (run 1) to 16.6% (run 6) and 28.3% (run 1) to 21.1% (run 6), respectively, at 665 nm. The 1.5-h aerogel samples show similar trends to the 1-h samples, wherein sample 1.5A exhibits an increase in the transmittance values from 73.3% at run 1 to 80.7% at run 6. However, the values for the composite samples remained relatively constant with a minimal drop from 10.4% (run 1) to 9.9% (run 6) in sample 1.5B and 37.2% (run 1) to 35.8% (run 6) in sample 1.5C. Figure 15 also shows a part of the graph generated by sample 1C between 665 nm and 1200 nm that are zoomed in for a clear demarcation between the runs. Although, the transmittance is only derived at a single wavelength of 665 nm, the difference between the initial and final run over the whole range is illustrated in Figure 17 for comparison for batch C, i.e. samples 1C and 1.5C.
Additionally, there was a sharp decrease in the transmission between the epoxy resin and the aerogel-epoxy composite, so the total reflectance of the three batches was measured using an integrating sphere. Samples 1B and 1C were chosen since they are the most promising candidates to retain the aerogel structure and enable the production of complex shapes. The transparent resin-hardener sample whose refractive index of $1.5
25 is expected to exhibit a similar nature of diffuse reflectance obtained from a glass slide having an index of 1.52. Here, the glass slide (typically, 8% reflectance) and S-1A are used as reference to study the nature of scattering. Figure 18 shows that all four samples have similar reflectance performance in the range of 400 nm to 1500 nm. The results demonstrate that all samples had negligible differences in scattering from the surface. However, the nature of scattering below 350 nm is different for each sample with an increase from 8% to close to 20% for all samples with the exception of the glass slide. As shown in Table 1 , the absorption value (calculated by subtracting the value of transmittance and reflectance with 100) of sample 1A is low; 6.4% at 665 nm and is mostly transparent over visible and NIR bands. The absorption in samples B and C are 75.4% and 70.9%, respectively, at 665 nm which are very high due to the particulate nature of aerogel and Figure 14 . EDX analysis of sample 1.5C (the elemental composition in the spectra is given in terms of weight percent). film thickness. The lower value of transmittance in samples B and C could be attributed to the opaque nature of the final solution following chemical mixing and curing since the aerogel has a complex nature of refractive index; the real part of the index is 1.02 26 which is close to air, but it is believed that the imaginary index, e.g. absorption coefficient, plays a dominant role in the spectral performance thereby resulting in a lower transmittance. 27 It must be noted that although the transmission readings were taken during the cure of the resin (run 6), it is believed that the transmission characteristics of the epoxy resin after cure should not change appreciably as reported. 28 Hence, the spectral transmission of sample A remains the same as shown in Figure 15 , and therefore it was used for the comparative study as shown in Table 1 .
An increase in the reflectance at wavelengths below 350 nm for samples A, B and C in Figure 18 could be associated with resin's intrinsic properties. To further understand this occurrence, the scattering performance of the various samples of batch C is compared with a resin sample-1A in the wavelength range of 200-350 nm as shown in Figure 19 . It is observed that the aerogel composite samples, 1C and 1.5C, show a sharper and a more distinctive peak as compared to the pure resin sample. Since the film thickness is not monitored precisely, the nature of plots cannot be quantitatively explained in this study. However, the presence of sharper peaks can be qualitatively described as arising from the presence of aerogel particulates in the samples since a similar peak below 250 nm is also seen in the work of Fernandes et al. 29 for the aerogel samples. Therefore, it is suggested that the sharper peaks of the composite samples in the present study indicate the existence of aerogel within the material at the end of the curing cycle. However, it is also seen that sample 0.5C does not show the same level of prominence and its value (8%) is similar to glass. This could be due to the low viscosity of the resin at the early stage of curing which would have resulted in its greater flow over the glass. The thinner layer of the sample would have caused the instrument to pick up the properties of the glass rather than the sample during the measurement. The analysis of the curing curves in Figures 15 and  16 indicates two possible reasons for the difference in the results of each run for a particular sample. One explanation could be the downward flow of the resin during the measurements which would result in an increased transmission value due to the reduction of the resin thickness as time (and hence, the run number) progresses. This effect is seen in the samples of batch A, where an increase in the transmittance is seen with the number of runs with run 1 showing the lowest transmittance values for each sample. Additionally, the spacing between the graphs at higher run counts is less than at lower run counts; this provides further evidence for the downward flow of the resin because most of the liquid flow occurs initially and as time progress the film becomes more stable and hence less movement resulting in a smaller distance between the graphs of each run. The difference in the graphs of the composite materials could be explained by the change in the density of aerogel due to the infiltration of the resin, which in turn would affect its refractive index 26 and hence the transmittance. Although, there is still a downward motion of the resin in these composites, it is thought the increased viscosity of these samples would limit this movement. In fact, the resin infiltration into the aerogel particle has a greater effect on the transmission properties because of the reduction in the transmission, as opposed to the increased values (seen in batch A) with each run. However, if the flow of the resin during the experiment could be assumed to be mainly due to its viscosity which would be valid in the present case due to the restriction of the resin to an almost 1D flow, it could be assumed that the rate of infiltration is proportional to the rate of flow into the periphery of the aerogel and hence any change in the graph is due to the flow of the resin.
The results for the samples at 1 h ( Figure 15 ) and 1.5 h (Figure 16 ) show some variations when comparing similar batches across the two times. The results at 1 h for the composites show a difference in the transmittance between the runs, especially the first three runs after which the material starts to stabilise. The difference could be primarily influenced by the resin infiltration into the aerogel particle which in turn is affected by the resin flow; hence, most of the change happens initially corroborating the earlier results of batch A. This also implies that the resin is still able to flow easily at this stage of the cure and the lower viscosity would enable the formation of more complex shapes and less force to stir the aerogel particles in. The results for the composite batches at 1.5 h show almost identical values of transmission for each run. This is thought to be due to the limited resin flow which would reduce the infiltration as well as the mouldability of the sample. Therefore, it is believed that for both batches of aerogel-epoxy composites at 1.5 h, the viscosity would be high for moulding in commercial applications and as stated previously, could result in an increased force during mixing that may destroy the aerogel. The batches B and C show similar results with a slightly increased flow in batch C due to the presence of the wetting agent which would contribute to a decrease in viscosity of the resin. Nevertheless, this difference is small enough to be neglected and the use of a wetting agent in the manufacturing process is recommended.
Thermal conductivity
As observed from initial analysis, addition of the aerogel particles at the 1-h mark shows the most promising trend and the incorporation of the wetting agent had little/no effect on the results. Therefore, the thermal conductivity for samples 1C along with the pure resin (sample 1P) is presented in Table 2 . Two plates of 1C (1C and 1Cb) along with a plate of 1P were cut to a size of 30 Â 30 Â 4 (mm) from a plaque of the material for the measurements. The results presented are the average of 10 measurements per plate along with the minimum and the maximum value for each sample. The thermal conductivity results give the pure resin an average value of 0.2309 W/(m Â K) and sample 1C an average value of 0.20015 W/(m Â K). This decrease of 13.3% is thought to be due to the existence of the aerogel particles whose presence has been confirmed by the optical and electron microscopy.
Damage coefficient. To try and quantify the amount of damage to the aerogel structure, the damage coefficient as originally described in Krishnaswamy et al. 30 and given in equation (1) was calculated
where k s is the thermal conductivity of the sample, k l is the lower thermal conductivity and k u is the upper thermal conductivity.
To calculate the values of k l and k u , the Hamilton and Crosser 31 model was used to calculate the thermal conductivity of a two-component heterogeneous system in which the value of the continuous phase is that of the resin -0.2309 W/(m Â K) (sample 1P in Table 2 ), and the value for the discontinuous phase varied between 0.012 W/(m Â K) 24 (thermal conductivity of the aerogel particles) for k l and 1.4 W/(m Â K) 32 (thermal conductivity of pure silica) for k u . Finally, the volume fraction of the aerogel used was 0.21 which was calculated from the mass fraction (0.03) along with the density of the cured un-reinforced resin (1.19 g/cm 3 ) 33 and the density of the aerogel (0.135 g/cm 3 ). 24 The values of k l and k u were determined as 0.1696 W/(m Â K) and 0.3361 W/(m Â K), respectively. These data were then substituted into equation (1) along with the value of k s , which was 0.20015 for sample 1C (from Table 2 ). The damage coefficient of the aerogel was then calculated for sample 1C as 0.183.
Discussion
The microscopic images in the present work revealed the presence of the aerogel particles within the epoxy resin matrix. Although, the images do not allow the determination of the internal structure of the aerogel particle, they do permit the observation of the mechanical destruction of the particles seen in samples 1.5B and 1.5C. This is an important parameter because the destruction of the aerogel particle would afford a larger surface area for the liquid resin to infiltrate the nanopores. Therefore, to limit this destruction, the mixing of the aerogel before 1.5 h of the addition of the resin and hardener is recommended. On the other hand, lower viscosity values of the resin would result in higher infiltration rates; hence, the addition of the aerogel should be as delayed as possible. The microscopic images also showed that this balance can be achieved by adding the aerogel at around the 1-h mark. The EDX analysis also established similar results supporting the damage and resin infiltration phenomena. The smaller silica (aerogel) particles observed in sample 1.5B provide evidence for the mechanical damage of the aerogel particles. On the other hand, EDX scans of carbon (C) across an aerogel particle in sample 0.5B showed a very low rate of decrease when compared to sample 1B, wherein a decrease in the level of carbon is higher and more noticeable, and a well-like structure in the carbon spectrum is obtained. In fact, the spectral mapping of sample 1B in Figure 10 shows a reduction in the intensity of C and an increase in the intensity of Si across all the aerogel particles. Another limitation of adding the aerogel at 1.5 h is the reduction in the mouldability of the material due to the higher viscosity of the resin at this stage of the cure. Nevertheless, the recommended timeframe for aerogel addition is valid for this resin system only. To derive a more universal solution, viscosity measurements of the curing resin system at 0.5, 1 and 1.5 h should be quantified. When comparing the effect of the wetting agent, the results of batch C are similar to batch B with the samples at 1 h demonstrating the most promise for the retention of the aerogel structure and limiting the resin infiltration. But the presence of a wetting agent is expected to increase the adhesion between the aerogel particles and the resin, thereby improving the interface between the same. Hence, the use of a wetting agent, i.e. batch C will be useful for the durability of the composite structures.
The spectroscopic analysis at 665 nm had exhibited absorbance in samples 1B and 1C of approximately 75% and 70%, respectively, as compared to around 6% in sample 1A which is quite significant in understanding influence of particulates in aerogel structure. Furthermore, an increase in reflectance below 350 nm for the aerogel composites that showed sharper peaks unlike the pure resin samples provide additional evidence for the former's existence and possible retention of nano-pores. When comparing the transmittance results during the cure of the material, it is thought that the resin infiltration into the aerogel particles influences the results more than the flow of the resin through the glass slide. Finally, the transmittance plots of the samples at 1 h showed a greater variance between the runs measured during the cure as compared to the samples at 1.5 h establishing a higher degree of flow with a less viscous resin, and hence more mouldability for the former. Therefore, from the various experimental techniques and data, sample 1C is believed to be the most promising material. Nevertheless, to assess the amount of resin infiltration into the aerogel particles and to quantify the materials performance, the thermal conductivity value was measured and compared with the pure resin sample. The pure resin sample had a thermal conductivity value of 0.2309 W/(m Â K) and the aerogel/ epoxy sample's (1C) value was measured at 0.20015 W/(m Â K). Zhao et al. 18 state that the aerogel/epoxy composites in their work showed values between 0.105 and 0.175 W/(m Â K). However, the thermal conductivity of the resin in their work is much lower between 0.17 and 0.18 W/(m Â K) which would reflect in the lower values as compared to the present study. In the work of Kim et al., 21 the thermal conductivity of the 'as-received' aerogel/epoxy composites is close to 0.10 W/(m Â K) compared to $0.27 W/(m Â K) of the epoxy. The greater decrease in their study could be explained by their choice of resin which is much more viscous than the one used in the present study, hence decreasing the resin infiltration into the aerogel. However, as previously discussed, a more viscous resin would result in lower mouldability. Nevertheless, the 13.3% decrease in thermal conductivity observed in the present work shows the potential in developing aerogel-epoxy composites using the method identified in the present study. To further quantify the amount of resin infiltration, a damage coefficient of 0.183 for sample 1C was calculated using the method outlined in Krishnaswamy et al. 30 ; this could be roughly translated to 18.3% of the aerogel being damaged. Although, this method is by no means perfect, it does allow a quantification of the damage to the aerogel structure, and hence a means of comparison.
The trend seen in the current paper does show a possibility of using the given processing route in commercial building applications and potentially as a thermal insulation coating on other substrates. It is also believed that a greater decrease in thermal conductivity can be achieved with higher volume fractions of aerogel; however, additional experimental data are needed to confirm this theory.
Conclusion
The current study investigated the possibility of processing aerogel-epoxy composites by incorporating the aerogel at different stages of the curing process. The effect of a wetting agent and its possibility of application were also assessed for enhancing thermal insulation capabilities. From microscopic and EDX analysis, the addition of the aerogel particles at 1 h was seen as the most promising route for the resin system used in terms of limiting the damage to aerogel particles and the resin infiltration into the same but at the same time, maximising the material's mouldability. This was further established by the evaluation of optical transmittance and reflectance. The spectral characteristics also showed an increased absorption in the aerogel-epoxy composites when compared to the pure resin samples. The experimental results also demonstrated a negligible effect of the wetting agent in terms of the retention of aerogel particles, hence advocating its usage. Finally, the thermal conductivity of the aerogel-wetting agent-epoxy system with the aerogel added at 1 h was determined showing a 13.3% decrease in the thermal conductivity when compared with the pure resin. This translated to a damage coefficient value of 0.183, thereby providing support for the described processing route's potential in commercial thermal insulation applications.
